Excitatory amino acid transporters (EAATs) terminate glutamatergic synaptic transmission and maintain extracellular glutamate concentrations in the central nervous system below excitotoxic levels. In addition to sustaining a secondary-active glutamate transport, EAAT glutamate transporters also function as anionselective channels. Here, we report a gating process that makes anion channels associated with a neuronal glutamate transporter, EAAT4, permeable to cations and causes a selective increase of the open probability at voltages negative to the actual current reversal potential. The activation process depends on both membrane potential and extracellular glutamate concentration and causes an accumulation of EAAT4 anion channels in a state favoring cation influx and anion efflux. Gating of EAAT4 anion channels thus allows a switch between inhibitory currents in resting cells and excitatory currents in electrically active cells. This transportermediated conductance could modify the excitability of Purkinje neurons, providing them with an unprecedented mechanism for adaptation.
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anion channel ͉ gating ͉ selectivity ͉ excitatory amino acid transporter E xcitatory amino acid transporters (EAATs) are known to function as glutamate carriers (1) (2) (3) (4) and as anion channels (5) (6) (7) (8) . EAAT-mediated glutamate transport terminates glutamatergic synaptic transmission, ensures low resting extracellular glutamate levels, and prevents neuronal damage by excessive glutamate receptor activation in the mammalian central nervous system. In contrast, the physiological function of EAAT-associated anion currents is not well understood. EAAT-associated anion currents are thought to support electrogenic glutamate uptake by clamping the membrane potential to negative values (6) . Additionally, they might also inhibit neuronal excitability by increasing the resting membrane conductance and decreasing length constants of different neuronal compartments (2) .
EAAT4 is predominantly expressed in dendritic spines of Purkinje neurons (7, 9, 10) . It displays a significant anion conductance (7) and does not play a crucial role in cerebellar glutamate homeostasis (11) , suggesting that its major role might be regulation of neuronal excitability as a glutamate-dependent anion channel (2) . We studied functional properties of EAAT4 anion channels heterologously expressed in mammalian cells. Our experiments identified a voltage-and glutamate-dependent gating process that changes the selectivity of individual channels and permits EAAT4 anion channels to conduct excitatory currents under certain conditions and inhibitory under others.
Methods
Expression of EAAT4 and Whole-Cell Recordings. Heterologous expression of rEAAT4 in tsA201 cells was performed as described (12) . In some of the experiments, a stable inducible cell line, generated by selecting Flp-In-T-Rex 293 cells (Invitrogen) transfected with pcDNA5-FRT-TO-rEAAT4, was used 24 h after incubation with 1 g͞ml tetracycline. Standard whole-cell and outside-out patch clamp recordings were performed by using an EPC10 (HEKA Electronics, Lambrecht, Germany) amplifier (12) . Pipettes were pulled from borosilicate glass and had resistances between 1.4 and 2.2 M⍀ (1.8 Ϯ 0.1 M⍀, n ϭ 32). A total of 60-80% of the series resistance was compensated by an analog procedure, so that the calculated voltage error due to access resistance was always Ͻ2 mV. The whole-cell resistance under standard conditions was 300 Ϯ 50 M⍀ (n ϭ 32). Pipettes were covered with dental wax to reduce their capacitance. Cells and patches were clamped to the reversal potential for at least 10 s between test sweeps. Standard solutions contained: extracellular, 140 mM NaNO 3 , 4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM Hepes, pH 7.4; intracellular, 115 mM NaCl, 2 mM MgCl 2 , 5 mM EGTA, 10 mM Hepes, pH 7.4. Unless otherwise stated, 500 M L-glutamate was added to the external solution. In some experiments, NaNO 3 was replaced by NaSCN in the external solution. Under these ionic conditions, untransfected tsA201 cells (12) , tsA201 cells expressing a nonfunctional anion channel (L590X hClC-1; ref. 13) or uninduced rEAAT4 Flp-In-T-Rex cells exhibit negligible current amplitudes. Junction potentials were corrected as described (12) . The external solution in Fig. 3 contained 150 mM NaNO 3 , 2 mM Ca(NO 3 ) 2 , and 5 mM Hepes, pH 7.4. In the experiments shown in Fig. 3E , 20 mM CaGluconate 2 was added to this solution. Experiments shown in Fig. 3D were performed with cells that were externally perfused with three different solutions containing X NaNO 3 , 150 mM-X NMDGNO 3 , 2 mM Ca(NO 3 ) 2 , and 5 mM Hepes (pH 7.4). Mes was used to buffer pH 6.0 in Fig. 3F . In the experiments shown in Fig. 3G , the internal solution was modified by adding 5 mM NaGlutamate or by replacing NaCl by KCl. For Fig. 3H , intracellular Cl Ϫ was substituted with NO 3 Ϫ and gluconate Ϫ . Gluconate Ϫ was shown to remain impermeant during slow activation (data not shown). For the experiments with hClC-Kb, cells were cotransfected with pRcCMV-hClC-Kb and pcDNA3.1-Barttin. The standard extracellular solution contained 140 mM NaCl, 4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM Hepes, pH 7.4; the standard intracellular solution contained 115 mM NaCl, 2 mM MgCl 2 , 5 mM EGTA, 10 mM Hepes, pH 7.4. Cells were held at 0 mV, and current amplitudes were measured at a test step to Ϫ20 mV without prepulse and after a 9.6-s prepulse to ϩ60 mV, respectively (see Fig. 2C ).
Data Analysis. Data were analyzed with a combination of PULSE, PULSEFIT, PULSETOOLS (HEKA Electronics), and SIGMAPLOT (Jandel, San Rafael, CA) programs. Current amplitudes were used without subtraction procedure, and all summary data are shown as means Ϯ SEM. Isochronal current amplitudes were measured 2 ms after the voltage step. Time constants of activation (Fig. 1D) were determined by fitting a monoexponential function to the dependence of the isochronal current amplitude measured at Ϫ120 mV on the length of the preceding membrane depolarization. The time course of slow gate deactivation (Fig.  1E ) was measured at various negative potentials after a 3-s prepulse to ϩ60 mV to open the gate. Permeability ratios were calculated from reversal potential measurements by using the Goldman-Hodgkin-Katz (GHK) equation (14) . Long depolarizations cause small changes of the intracellular anion concentration that need to be taken into account in the quantitative analysis of slow-gating-induced alteration of EAAT4 anion channel selectivity. We calculated changes of the internal [NO 3 Ϫ ] from the measured NO 3 Ϫ influx by using Eq. 3 (see Supporting Text and Fig. 5 , which are published as supporting information on the PNAS web site) and inserted these values into the GHK equation. For nonstationary noise analysis (see Fig. 4 ), a series of 300 records was recorded by pulsing to a certain voltage from the holding potential of Ϫ60 or 0 mV. Pairs of subsequent records were then subtracted to compute the ensemble variance (15) . Background noise was measured at the end of the experiment after taking the pipette out of the bath and subtracted from the ensemble variances. After normalization to the value determined at Ϫ180 mV following a holding potential of ϩ60 mV, the square root of the ensemble variances was calculated and plotted versus the normalized mean current amplitudes. Current traces were sampled at 200 kHz and filtered by using a Butterworth low-pass filter with a cutoff frequency of 10 kHz. For all experiments, the analysis was repeated after digital filtering at 5 and 2 kHz with similar results. For all statistic evaluations, Student's t test with P Ͻ 0.05 as level of significance was used.
Results
Voltage-Dependent Activation of EAAT4 Anion Channels. We expressed EAAT4 glutamate transporters heterologously in tsA201 cells and measured currents through whole-cell patch clamp experiments. The so-determined whole-cell currents are pure anion currents, as substitution of internal and external anions with gluconate results in current amplitudes comparable to background currents in nontransfected cells (Fig. 6 , which is published as supporting information on the PNAS web site). EAAT4 anion channels are active with or without external glutamate; however, application of substrate increases the current amplitudes and modifies voltage-dependent gating (12) ( Fig. 1 ). In the presence of glutamate, positive voltages cause a pronounced increase of currents at a consecutive test step to a negative potential (Fig. 1B, arrow) . Gradually incrementing the Isochronal tail current amplitudes at Ϫ120 mV after a 9.6-s prepulse normalized to the prepulse current amplitude from current responses to the pulse protocol shown in Fig. 1C . Data from 30 cells expressing different levels of EAAT4 were binned into three data groups that were statistically not different. (B) Current responses to voltage steps to ϩ60 mV of increasing durations followed by fixed test steps to Ϫ120 mV in an outside-out patch from cells expressing EAAT4 transporters. Isochronal tail current amplitudes are represented by symbols and fits with monoexponential functions by a dashed line. The patch was clamped to Ϫ23 mV between test sweeps. Because of the larger contribution of leak current in outside-out patches, this value is more positive than reversal potentials in whole-cell experiments (Ϫ61.9 Ϯ 0.9 mV, n ϭ 32). (C) Ratio of the tail current amplitudes after stepping from the holding potential by the corresponding value after a prepulse of 9.6 s from current responses to the pulse protocol shown in B. Means Ϯ SEM from cells (n ϭ 19) and patches (n ϭ 5) expressing EAAT4 and cells expressing hClC-Kb and barttin (n ϭ 4), respectively, are shown. ** , Significant difference to EAAT4 at P Ͻ 0.01. (D) EAAT4 anion channel deactivation at potentials positive to the anion reversal potential. After an activating prepulse to ϩ60 mV, the cell was clamped to Ϫ20 mV, and fixed test steps to Ϫ150 mV were applied every 2.5 s. length of a depolarizing prepulse evokes a time-dependent increase of the current amplitude at a successive test step to Ϫ120 mV, whereas the amplitude at positive potentials remains basically unaltered (Fig. 1D ). Without glutamate, there is only a small, if any, enhancement of the tail current amplitudes (Fig. 1  A, arrow, and C) . The time course of activation ( Fig. 1D) as well as the time course of deactivation during membrane hyperpolarization after a long activating prepulse (Fig. 1E ) displays time constants in the range of seconds (Fig. 1F) . Deactivation time constants depend on extracellular glutamate: when measured in a stream of glutamate-free solution after activation in a glutamate-containing solution, they are markedly slower [ deact (Ϫ80 mV) ϭ 6.9 Ϯ 0.5 s, n ϭ 4] than those determined in the presence of glutamate (3.3 Ϯ 0.4 s, n ϭ 5).
A possible artifactual explanation for the observed changes of inward current amplitudes was that NO 3 Ϫ entering the cell during depolarization accumulated inside the cell and carried the inward current upon repolarization. We designed several experiments to test this possibility. In case of pure anion accumulation, the increases of the tail current amplitudes in pulse protocols such as in Fig. 1D should depend on the magnitude of anion influx and thus on the expression levels of the channel. In contrast to this prediction, a comparison between cells expressing different EAAT4 levels ( Fig. 2A) revealed that the ratios of tail current by prepulse current amplitude do not change for anion influx current amplitudes between 200 pA and 2 nA. Moreover, slow activation of EAAT4 anion channel depends on glutamate (Fig. 1) . If the time-and voltage-dependent increase of the tail current amplitudes were solely caused by changes of the intracellular anion concentration, equal amounts of anions entering the cell would result in identical tail current amplitudes, regardless of the external glutamate concentration. However, in the absence of glutamate, similar time-dependent anion current increases were never observed, not even in cells with expression levels that result in large current amplitudes under these conditions (data not shown). EAAT4 anion currents are small when studied in excised outside-out patches (53 Ϯ 19 pA, n ϭ 5, at ϩ60 mV), so that anion accumulation in the internal solution is virtually impossible. However, the typical prepulse-induced increases of the inward current could be also observed in this recording mode (Fig. 2B) . The time constants (2.5 Ϯ 0.9 s, n ϭ 5, at ϩ60 mV) and the magnitude of the depolarization-induced enhancement of inward currents were similar in patches and in whole-cell measurements (Figs. 1F and 2C ). We performed additional whole-cell experiments with another type of anion channel, hClC-Kb, together with its accessory subunit Barttin (Fig. 2C) (16) . Although the anion influx into these cells during the prepulse (current amplitude at ϩ60 mV 1.1 Ϯ 0.3 nA, n ϭ 5) was comparable to experiments with EAAT4 (1.3 Ϯ 0.2 nA, n ϭ 8), application of depolarizing prepulses of increasing durations resulted in only small time-dependent enhancements of the tail current amplitudes. If the increase of the afterdepolarization inward current were caused by intracellular anion accumulation, identical anion influxes should result in similar enhancements of the tail current amplitude independently of the underlying anion channel. Another argument stems from the voltage dependence of channel deactivation. If anion accumulation were the sole basis of the observed changes in current amplitude, the current decay at negative potentials must be caused by an outward movement of anions and is therefore only possible at voltages negative to the anion reversal potential. However, application of a potential positive to the anion reversal potential (Ϫ20 mV) after a prepulse to ϩ60 mV causes a decrease of tail current amplitudes at test steps to Ϫ150 mV (Fig.  2D) . Taken together, these lines of evidence refute anion accumulation as the sole basis of the observed changes of EAAT4 anion current amplitudes and establish the existence of a previously uncharacterized gating process, designated slow activation.
The experiments described so far were performed under nonphysiological ionic conditions using voltage protocols that do not resemble the electrical activity of Purkinje neurons. However, slow activation also occurs under an approximately physiological anion gradient with [Cl Ϫ ] i of 10 mM and [Cl Ϫ ] o of 150 mM (data not shown), and with K ϩ as the main internal cation (Fig. 3G) . The slow gate is activated not only by long tonic depolarizations, but also by a series of phasic depolarizations (see Supporting Text and Fig. 7 , which is published as supporting information on the PNAS web site). These results, taken together, demonstrate that slow gating can occur in native Purkinje cells under physiological conditions.
Slow Gating Increases Cation Permeability of EAAT4 Anion Channels.
To study slow gating-induced changes of EAAT4 channels in more detail, we applied voltage ramps after depolarizing prepulses of variable durations (Fig. 3A) . Fig. 3B shows the voltage dependence of EAAT4 currents obtained from these pulse protocols. Depolarizing prepulses decrease outward and increase inward currents and shift the current reversal potential more positive indicating a time-and voltage-dependent variation of the selectivity of EAAT4 anion channels. The changes of the current reversal potential do not depend on the magnitude of anion influx (Fig. 3C) , providing an additional argument against anion accumulation. The shift of ion selectivity can be directly demonstrated by applying hyperpolarizing voltage steps of Ϫ60 mV or Ϫ80 mV after a depolarizing prepulse. Under these conditions, the initial inward current decreases in amplitude and then reverses to an outward current (Fig. 1E) .
To define the particular ions whose permeabilities change during slow activation, we performed ion substitution experiments. Cells were moved in the streams of different external solutions, and current reversal potentials were determined from voltage ramps after various durations of a prepulse to ϩ60 mV. Reversal potentials were then plotted versus the prepulse duration (Fig. 3 D-H) , demonstrating that channel selectivity changes with the same time course as current amplitudes in Fig. 1D . Changing external [Na ϩ ] (Fig. 3D ) or external [Ca 2ϩ ] (Fig. 3E ) affected the steady-state reversal potentials, but left the initial values unaffected, indicating that Na ϩ and Ca 2ϩ become permeant during slow activation. Neither protons nor glutamate are permeant under any tested condition (Fig. 3 F and G) . Activated EAAT4 channels do not select between monovalent cations, as intracellular substitution of Na ϩ by K ϩ does not modify current reversal potentials (Fig. 3G) . To determine the cation to anion permeability ratio, experiments were performed with only one permeant anion, NO 3 Ϫ , on both sides of the membrane (Fig. 3H ). After deactivation of the slow gate, EAAT4 currents reverse at the predicted anion reversal potential, indicating ideal anion selectivity. Depolarizing prepulses result in reversal potentials that correspond to a P Na ͞P NO3 of 0.14 Ϯ 0.02 (n ϭ 4). Using the NO 3 Ϫ to Cl Ϫ permeability ratio determined from reversal potentials in the slow deactivated state (P NO3 ͞P Cl ϭ 9.4 Ϯ 0.4; n ϭ 30) and assuming that there is no change of the relative anion selectivity due to slow gate activation, these two values result in a P Na ͞P Cl permeability ratio of 1.3 Ϯ 0.2. A P Ca ͞P Cl of 1.7 Ϯ 0.2 (n ϭ 4) was calculated from the measured steady state reversal potentials upon elevated [Ca 2ϩ ] o (Fig. 3E) . These results demonstrate that, with Cl Ϫ as the main anion, monovalent and divalent cations are considerably permeant through EAAT4 anion channels in the slow-activated state.
Cations could permeate the same ion conduction pathway as anions, or, alternatively, slow gating could open additional cation-permeable pores. We used noise analysis to distinguish between these two possibilities (17) . EAAT4 anion channels produce a Lorentzian noise that can be measured by whole-cell recordings (Fig. 4A) (see Supporting Text) . At the current reversal potential, the unitary current amplitudes of a pore permeable to both anions and cations are zero. Therefore, current variances, determined before and after slow activation at the respective reversal potentials, will be identical for this scenario. In contrast, in case of separate anion-and cationconducting pores, each pore would fluctuate between zero and nonzero current amplitudes, resulting in an increased current variance at the apparent reversal potential after slow activation. We determined current variances at two different potentials: at Ϫ27 mV, the potential at which currents reverse on average after an activating prepulse to 0 mV, and at Ϫ61 mV, the reversal potential after a prepulse to Ϫ60 mV, respectively. The two current variances are not significantly different ( 2 ϭ 45 Ϯ 8 pA 2 and 2 ϭ 41 Ϯ 9 pA 2 , n ϭ 8) indicating that slow activation modifies the cation to anion selectivity of a single ion conduction pathway of EAAT4 anion channels (17) . Cation currents are nonexistent in the absence of permeant anions (Fig. 6) , indicating that cations can only permeate through this ion conduction pathway together with anions.
Slow Gating Alters the Open Probability of EAAT4 Anion Channels
Depending on the Current Direction. Ion substitution experiments demonstrated that slow gating functionally changes the anion conduction pathway of EAAT4. To test whether it also modifies the open probability, i.e., the proportion of time the EAAT4 anion channel is conducting anions, we used a variation of nonstationary noise analysis. We determined isochronal standard deviations 2 ms after steps to various voltages from holding potentials of Ϫ60 and 0 mV, respectively (Fig. 4 B and C) and plotted them versus the mean current amplitude. For such a plot, the slope of a linear regression depends on the absolute open probability p(V) and the number of channels N
an increased absolute open probability results in a less steep relationship between standard deviation and current amplitude. For both holding potentials, the plots can be well described with two lines having different slopes at positive and at negative current amplitudes, demonstrating that the absolute open probability after a prescribed prepulse can assume two different values, one at potentials positive and another one at potentials negative to the current reversal potential. For EAAT4 anion channels, a holding potential of 0 mV causes an isolated increase of the open probability at potentials negative the current reversal potential, but leaves current amplitudes and current variances at positive potentials virtually unaffected. Thus, slow activation increases only the number of open channels permitting an inward current, but not of those conducting an outward current.
Discussion
EAAT4 transporters are known to mediate three different transport processes. They function as secondary-active glutamate transporters and as anion-selective ion channels. Additionally, they display a glutamate-and arachidonic acid-activated proton conductance (19) . Here, we report that the selectivity of EAAT4 anion channels can be changed from ideally anionselective to partially cation-permeable by a glutamate-and voltage-dependent gating process. Inward and outward anion currents are independently gated (Fig. 4C) , allowing a selective modification of the inward current amplitude without affecting outward currents. Slow gating does not modify the proton permeability (Fig. 3G) , indicating that the EAAT4 proton channel is not controlled by the slow gate. The two unique qualities of the associated anion channel give EAAT4 transporters the remarkable ability to either inhibit or excitate neuronal cells, depending on conditions and history. Under resting conditions, EAAT4 anion channels are ideally anion-selective and thus inhibit cell excitability. Trains of phasic depolarizations and long-lasting depolarizations (20, 21) cause slow activation and change the number and selectivity of open channels. Because deactivation is extremely slow, Purkinje cell excitation is followed by an excitatory inward current of several seconds through slow activated EAAT4 channels.
EAAT4 transporters are primarily expressed in spines of Purkinje dendrites (10) , precluding a detailed analysis of slow gating in native tissue. However, functional properties of EAAT4 anion channels in heterologous expression systems are very similar to those found in native cells (22) . Thus, the reported slow-gating induced changes of EAAT4 currents, together with EAAT4 densities in spines (10, 22) and estimates of passive electric properties of these neuronal compartments, allow an approximation of slow activation-induced changes of the spinal membrane potential (see Supporting Text). Spines in Purkinje cell dendrites are small units with a high input resistance (23) , and the estimated EAAT4 inward cation current will depolarize the spine membrane potential by Ϸ25 mV (see Supporting Text). Because Ca 2ϩ influx through activated EAAT4 channels potentially modifies Ca 2ϩ release from intracellular stores (24), EAAT4 anion channels might also play a role in neuronal plasticity (24, 25) . The unusual features of slow activation thus allow EAAT4 to modify excitability, firing frequency, and Ca 2ϩ signaling in Purkinje neurons.
In all known ion channels involved in electrical signaling, changes in open probability modify the membrane conductance for permeant ions over the whole voltage range. In such cases, the effect of channel activation on the membrane potential depends on the ion concentration on both sides and is therefore, in most cases, an invariable property of the channel. EAAT4 transporter-associated anion channels exhibit a totally novel behavior. They conduct inhibitory as well as excitatory currents, and they switch between inhibitory and excitatory action in short periods of time, without requiring energetically costly alterations of bulk solution ion concentrations. Slow gating of EAAT4 anion channels most likely obtains its glutamate and voltage dependence from the association to the glutamate carrier. The gating process defines a likely physiological role of EAAT4 transporterassociated ion channels and demonstrates the impact of the tight coupling of anion channel and glutamate carrier in this class of membrane proteins.
